INRA, Laboratoire c/a genetique et d'amélioration des arbres forestiers, UP 45, 33611 Gazinet Cedex, France Two-locus composite disequilibria were estimated for all 28 pairs of loci (from eight loci) in 81 populations of Quercus petraea spread over the natural distribution of the species. Significant disequilibria were found in almost all populations for two pairs (Aap-A/Lap-A, Mr-A/Dia-A) that have also shown strong linkage in cosegregation analysis. These pairs belong to the so-called complex loci producing nearly identical gene products and that are tightly linked. Significant disequilibria were also found for other pairs of loci that are linked to a smaller degree. The amount of disequilibrium followed a geographical pattern. The number of pairs showing significant disequilibria per population was higher on the edges of the natural range (Norway, Great Britain, Turkey). Disequilibria for the two pairs (Aap-A/Lap-A, Mr-AIDia-A) were also higher at the edges of the distribution and were correlated with longitude. Population differentiation resulting from the associations of alleles at different loci was increased when the correlations of allele frequencies at the within-and between-population level were of different magnitude. It is suspected that correlations at the between-population level may arise from historical causes rather than gametic disequilibrium. Finally, the first canonical variate (multivariate score) including allelic frequencies of all eight loci follows a strong longitudinal pattern of variation.
Introduction
In a previous paper the geographical distribution of allele frequencies has been investigated for sessile oak (Quercus petraea) on a range-wide scale in Europe (Zanetto & Kremer, 1995) . These results showed that sessile oak is a highly variable species characterized by a low population differentiation along a longitudinal gradient. Single-locus data provide only a narrow glance at the shape of diversity of organisms, which function as multilocus systems. Allelic associations at different loci may arise through a variety of causes that do not affect single loci such as epistatic selection or hitchhiking effects (Hedrick, 1985) ; they can also be enhanced by factors affecting single loci such as Wahlund effects (Nei & Li, 1973; Feldman & Christiansen, 1975) or genetic drift (Ohta 1982a,b) . Of particular evolutionary interest is the decay of disequilibrium over generations in allogamous plants. However, for extremely long-lived species like oaks, it is likely that *Correspondence Emai1: antoine.kremer@pierroton.inra.fr equilibrium values are not yet attained. It is our objective in this second paper to extend the singlelocus analysis either to identif' new causes of the geographical patterns of diversity or to corroborate previous results obtained at the single-locus level.
Because temperate forest trees are predominantly outcrossing species with large population sizes, gametic or zygotic disequilibria have been seldom studied (Muona, 1982) . The lack of data also partly results from the large sample size required to detect disequilibrium . However, the few allozymic data available have shown that disequilibria are generally low in large panmictic populations formed by trees (Muona, 1982; Bousquet et a!., 1987) . But when multivariate techniques were used for describing the distribution of diversity, higher population differentiation was usually detected than with single-locus analysis (Merkle et a!., 1988; Yang & Yeh, 1993) . Discrepancies among the experimental results obtained so far on forest trees could result largely from the fact that physical linkage between loci was unknown when gametic disequilibrium was investigated in natural populations, 476 whereas data available from other outcrossed species indicated disequilibrium for pairs of tightly linked loci (Hedrick et al., 1978; Hedrick, 1985) . In a few cases similar observations were made for forest trees (Epperson & Allard, 1987, in Pinus contorta) .
We attempted in the case of oaks to estimate gametic disequilibrium for pairs of loci among which linkage is known in a range-wide collection of populations in order to depict geographical patterns of variation at the multilocus level.
Our approach consisted of: (i) estimating the amount of two-locus disequilibria existing in each of the 81 natural populations sampled throughout the natural distribution of Q. petraea; (ii) describing the geographical distribution of disequilibria; (iii) subdividing the disequilibria into a within-and betweenpopulation component; (iv) evaluating the consequences of disequilibria on population differentiation; and (v) analysing the geographical pattern of multilocus associations through canonical variates. Disequilibrium and differentiation were estimated at the zygotic level by using composite measures of disequilibrium (Weir, 1990) or differentiation . Composite measures have to be used as coupling and repulsion heterozygotes can not be identified. These measures account for allelic associations at the zygotic level, including of course gametic associations. Because of their estimation at the zygotic level, they are higher than gametic disequilibrium or FST values, but they do not depend on Hardy-Weinberg equilibrium assumptions. Because multilocus differentiation may also arise from allelic associations at the population level, and not only at the individual level as detected by disequilibrium , correlation between alleles was computed and compared both at the individual and population levels.
Materials and methods

Plant material
Eighty-one populations of Quercus petraea of putative native origin were sampled over the natural range of the species, from Ireland to Turkey and from the French Pyrenees to Norway (Fig. 1) . The collection also comprises populations originating from various altitudes ranging from sea level (French Brittany) to 1300 m (Alps), although most of the populations came from altitudes between 100 and 450 m; only six populations originated from altitudes higher than 450 m. Geographical data were recorded for each population (latitude, longitude, altitude).
In each stand, acorns were collected from the ground over an area of 15-20 ha, representing about 50 collecting points equally distributed with 100-200 seeds for each point. Seeds were only harvested when the fruiting was above average (more than 50 per cent of the trees bearing acorns). Seeds from all collection points were bulked into a single lot. These seed lots were further used for the establishment of provenance tests. A random sample of 120 seeds for each population was taken for the study of allozyme
The Zanetto et a!. (1994) . Buffer formulations for enzymes stains were adapted from Cheliak et a!.
(1984), Conkle et al. (1982) and Vallejos (1983 Zanetto et al., 1996) showed that these enzymes were encoded by eight loci (Acp-C, Aap-A, Dia-A, Got-B, Lap-A, Mr-A, Pgi-B, Pgm-A) among which linkage has been detected ( Table 1) . Because full-sib families were not available to analyse linkage in all the 28 pairs of loci in Quercus petraea (MUllerStarck et al., 1996) , we added the linkage data available in Quercus robur (Zanetto et a!., 1996) . It has been shown that these two species are closely related and share all alleles including the rare alleles (Zanetto et a!., 1994) , and that linkage groups are similar in the two species (Müller-Starck et al., 1996; Zanetto et al., 1996) . Hence linkage detected in Q. robur may be used to interpret disequilibrium in Q. petraea. However, even when data were combined across the two species, linkage relationships were only available for 16 of the 28 pairs of loci.
Disequilibrium in a single population Genotypic disequilibria were estimated for all pairwise combinations of loci in all 81 populations following the method of Weir (1979 Weir ( , 1990 An unbiased estimate of Burrows's composite measure of linkage disequilibrium is given by (Cockerham & Weir, 1977; Black & Krafsur, 1985) :
(NI(N1)) X ((TIN)-2ppi) (1) where N is the number of individuals sampled in the population, T,1 is the number of times an allele i at one locus appears with another allele j at the second locus in the same individual, and p is the frequency of allele i in the population. The use of a composite measure of disequilibrium is recommended on genotypic data where it is not possible to distinguish coupling and replusion heterozygotes (Laurie-Ahlberg & Weir, 1979; Weir, 1990) . Heterogeneity of disequilibria among populations and regions was tested by converting i into correlation coefficients (Fisher's z-transformation) and partitioning the total x2 into region and population components (Weir, 1990, p. 112) . Calculations of A were obtained from the package LD79 (Weir, 1990) adapted to the case of multiple populations.
Disequilibrium in subdivided populations
Zygotic disequilibria over the set of 81 populations were subdivided into within-and between-popula- Black & Krafsur (1985) adapted to the diallelic case. 
It is worth noting that D is a between-
Multiocus differentiation Levels of differentiation arising from allelic associations at different loci were calculated using the multilocus approach developed by Kremer et al. (1996) derived from Long et al. (1987) . This method extends the ANOVA approach of Weir & Cockerham (1984) where the expression of a given allele (Xv) Of individual j belonging to population i can be subdi-
Xq U+Pi+Iq where P1 is the effect attributable to population I and 'q is the effect attributable to individual j. A composite multilocus differentiation measure CFST can be calculated from model (6):
2max is the largest eigenvalue of matrix [CFSTJ. It has been shown that CFSTm is a composite measure of differentiation that accounts for allelic associations at the zygotic level when coupling and repulsion heterozygotes cannot be separated . Because CFSTm accounts for allelic associations at the zygotic level and not at the gametic level, it is always higher than FST.
When a given combination of loci is considered, CFSTm may be compared with differentiation values if disequilibria were nonexistent, i.e. differentiation of the locus having the largest single-locus differentiation CFST Additional causes of multilocus differentiation may arise from allelic associations detected at the individual level (zygotic disequilibria, matrix I) and/or associations detected at the population level (matrix P), i.e. correlation among allelic frequencies.
Therefore correlation coefficients at both levels (r, correlation within populations and rb, correlation between populations) were computed from model (5), and tilk and i, the corresponding ' ' standard deviations. These correlations were calculated between the most frequent alleles at the two loci.
Finally, canonical variates z corresponding to the largest differentiation were computed from (6) for
where x' is the transpose of the vector of the original data and u is the eigenvector with the largest differentiation (CFSTm) of matrix CF.
Results
Zygotic disequiibria in single populations (6) Composite zygotic disequilibria were calculated in the 81 populations for all 28 two-locus combinations (Table 1) . Each of the 28 combinations showed at least in one population a significant disequilibrium, and each population showed at least for one twolocus combination a significant disequilibrium. A general picture of the distribution of the disequilibria among populations and among loci combina- (7) tions can be given by a two-way shows a normal type curve whereas the distribution of marginal column counts (two-locus combination) shows a skewed distribution.
The number of significant disequilibria for a given two-locus combination varied between 1 (Got-B! Pgi-B) and 80 (Aap-A/Lap-A) ( Among the three variables, the two A values showed significant correlations with longitude, although the signs of the correlations were different (Table 2) . For Aap-A/Lap-A the largest disequilibria appeared in the eastern part of the natural range, whereas for Dia-AIMr-A the largest disequilibria were present in the western part of the range. (Fig. 2a) . In the case of the Mr-A /Dia-A combination, the significant values of A are also positive revealing a preferential association of alleles over the population sample (Fig. 2b) . Other pairs of loci, for which significant disequilibria were found, correspond generally to those where linkage was observed in cosegregation studies Zanetto et al., 1996) 
The number of significant disequilibria for a given population varied between 1 and 9. Populations 8 and 52 (Fig. 1) were among those that expressed only one significant disequilibrium for the Aap-A/ The variance of the 28 two-locus disequilibria was subdivided into a between-and a within-population component according to eqn (4) ( Table 3 ). The apportionment of the variation attributable to these (Table 4) .
(2) The data for the remaining locus combinations indicate that the variance of the expected allelic associations among populations (DT) or of the observed allelic associations among populations (Table 1) . When the components of disequilibria were only computed on the subset of populations showing significant disequilibria, similar results were obtained.
Multilocus differentiation caused by disequiibria
Multilocus differentiation may be caused by allelic associations either at the within-or at the betweenpopulation level. The within-populations component is given by the zygotic disequilibria, or by the correlation at the individual level in eqn 1, r. in eqn 8) whereas the among-populations component is given by the correlation at the population level (Tb in eqn 9). Although there is a good correspondence between r values in Table 5 and the disequilibria data in Table 1 , there is an important discrepancy between r and r values in Table 5 . For most two-locus associations, the data clearly show that associations among alleles at different loci are stronger at the between-population level than at the within-population level. The discrepancy between r and Tb has a strong effect on the level of multilocus differentiation.
Multilocus differentiation values are always higher than the maximum differentiation for a single locus, as expected (Table 5 ). The increase in differentiation amounts in some cases to 26 per cent (Aap-AI The Genetical Society of Great Britain, Heredity, 78, 476-489. CF51m = maximum multilocus differentiation (1m): eqn (7); CF5im = maximum single-locus differentiation; r withinpopulation correlations between allelic frequencies: eqn (8); rb = between-population correlations between allelic frequencies: eqn (9). Correlations were calculated between the most frequent alleles for the two loci. Fig. 4 (a) Graph of the first two canonical variate scores for the 81 populations of Quercus petraea. Plotted points were given different symbols according to the first canonical variate scores to localize the corresponding populations on the geographical map (Fig. 4b) . (b) Geographical distribution of the first canonical variate scores. Symbols for points were assigned according to the ranking of the scores (see Fig. 4a ).
on the eastern side of that line with a few exceptions of populations located in Brittany or on the Pyrenees foothills. The longitudinal trend of variation was confirmed by the correlation between the first canonical variate and longitude (r = -0.59,
P<0.01). The first canonical variate is correlated
The Genetical Society of Great Britain, Heredity, 78, 476-489. 
Discussion
Levels of two-locus disequilibria Among the 28 pairs of loci considered, all showed significant disequilibria in at least one population. However, only six pairs exhibited disequilibria in at least 10 populations; these pairs corresponded in general to tightly linked loci. The amount of zygotic disequilibria in Q. petraea is larger than generally reported for other forest tree species (Bousquet et a!., 1987, in Alnus crispa; Yeh & Morgan, 1987, in Pseudotsuga menziesii; Brown et a!., 1975, in Eucalyptus obliqua) . However, straightforward comparisons may be misleading as no data were available on physical linkage in these three species. Furthermore, Roberds & Brotschol (1985) reported that extensive levels of disequilibria can be found in the seedling stage of Liriodendron tulipifera, whereas at a mature stage disequilibrium may disappear. The age variation of disequilibrium may be related to the concomitant decrease in homozygosity that has been reported in forest trees. Partial selfing generates an excess of associations of multiple homozygotes (Bennet & Binet, 1956 ), which will be selected against during the development and closure of the stand. The oak results reported here were obtained from seed data, at a stage where selfed progeny may still exist, despite the strong allogamy of Q. petraea (Bacilieri et a!., 1996) . Tight linkage is of course a main cause of disequilibria, particularly for the two pairs Aap-AILap-A and Mr-A IDia-A that exhibit in almost all populations significant allelic associations (Table 1) , as shown also in Pinus contorta ssp. latifoha (Epperson & Allard, 1987) . But because oaks have large population sizes and are predominantly outcrossing species, the decay of the disequilibrium should be rather fast (Strauss et al., 1992) . The maintenance of high levels of disequilibria for the two pairs of loci (Rap-A/Lap-A and Mr-A/Dia-A) can only be attributed to systematic forces as shown by the results of Ohta's subdivision of disequilibrium (Tables 3 and 4) . If allelic associations are maintained across populations as a result of systematic effects then the variance of disequilibrium in the total population should be much larger than the variance of allelic associations in individuals within populations (D >D ), as shown by our data in Tables 3 and 4 . Even in the case of tight linkage, random causes such as genetic drift will result in negligible values of D (Ohta, 1982b) . Systematic causes may also be advocated to interpret the predominantly constant sign of the disequilibrium for the two pairs of loci across populations (Figs 2a, b) . These systematic causes are more likely to be functional than genetical. Indeed enzymes coded by the two pairs of loci that show strong disequilibria are involved in the same biochemical pathways. Both leucine aminopeptidase (LAP) and alanine aminopeptidase (AAP) hydrolyze peptide linkages adjacent to the free -amino groups of a peptide (Scandalios, 1969) . Significant disequilibria for this functionally related pair of loci have also been reported in other organisms (Mitton & Koehn, 1973, in mussels). In maize (Ott & Scandalios, 1978) , Aap-A and Lap-A are also tightly linked, but no data are available on gametic disequilibrium in natural populations in this species. On the other hand, diaphorase (DIA) and menadione reductase (MR) are two oxidoreductases involved in the shikimate pathway (Haslam, 1974) . The two enzymes occupy successive steps in the biosynthesis of the quinones (Dixon & Weib, 1979) .
The zygotic disequilibria detected for the two pairs of loci (Aap-A/Lap-A and Mr-AIDia-A) appear therefore as examples of a rather general situation encountered in other species, where complex loci whose peptide products are nearly identical and act in the same biochemical system are tightly linked and show allelic associations. This is the case for three loci of the Rh system and four loci of the HLA system in humans (Hedrick et a!., 1978) , or for three loci of the esterases in the plant species Hordeum vulgare (Clegg et a!., 1972; Brown & Feldman, 1981) .
Geographical distribution of two-locus disequilibria
In addition to the two pairs (Rap-A/Lap-A and Mr-A /Dia-A), several other pairs involving generally linked loci showed significant disequilibria in a number of populations (Aap-A/Acp-C, Acp-C/Lap-A, Acp-C/Mr-A, Acp-C/Dia-A). However, in contrast to the two previous pairs, rather random causes such as limited migration or drift may account for the extremely low values of D (Table 3 ). This hypothesis is also supported by the geographical distribution of the number of significant disequilibria over the natural range of Q. petraea. In general, populations at the edges of the range are characterized by a higher number of disequilibria, as for Norway, Turkey and Great Britain (Fig. 3) . Similarly, the levels of disequilibria for the two main pairs of loci are also higher in these regions (Fig. 3) . On the other hand, the amount of disequilibrium is lower in the central part of the natural distribution. It is likely that on the edges of the distribution, where sessile oak forests are fragmented, limited migration occurs among populations, which are therefore more exposed to genetic drift.
c The Genetical Society of Great Britain, Heredity, 78, 476-489.
MULTILOCUS VARIATION OF QUERCL/S PETRAEA 487
Besides the preferential occurrence of disequilibria on the edges of the range, there is a slight longitudinal dine in the level of disequilibria for the two main pairs of loci (Aap-AILap-A, Mr-A IDia-A). This is shown by the significant but low correlations between the L values and longitude for the two pairs (Table 2) . Feldman & Christiansen (1975) have shown that when two large populations (at the extremes of the natural distribution for example) exchange genes through a stepping-stone model among intermediate populations, a dine will be created not only for allele frequencies but also for gametic disequilibrium. In a previous paper, on the same set of populations, Zanetto & Kremer (1995) (Zanetto & Kremer, 1995) .
Multiocus population differentiation
Causes of multilocus differentiation arise from three main sources: (i) the single-locus differentiation of each locus included in the multilocus combination, i.e. population differences of single-locus allele frequencies; (ii) allelic associations at different loci within populations (zygotic disequilibria, in our case); and (iii) allelic associations at different loci at the population level, i.e. correlation between allele frequencies. Our experimental results ( Table 5 ) have shown that a significant increase of differentiation can be obtained when there is discrepancy in the correlation at the within-and between-population levels as shown earlier for quantitative traits . In general, there were stronger allelic associations between two loci at the population level than at the individual level (Table  5) . Allelic associations at the population level may of course result from allelic associations at the individual level. This is probably the case for the two pairs (Aap-A fLap-A and Mr-A/Dia-A), which show high correlation both at the within-and the betweenpopulation levels ( (Zanetto & Kremer, 1995) .
Geographical mu/tilocus patterns of diversity When the information from all eight loci was used in a multivariate analysis of variance, 12 per cent of the total variability could be attributed to population subdivision. This is a composite measure of differentiation that takes into account allelic associations at the zygotic level, including of course gametic disequilibrium , but also allelic associations among populations. These data summarize the results previously obtained with single-locus data (Zanetto & Kremer, 1995) , and those obtained in the present study. Both emphasized the importance of the subdivision of the range of Q. petraea into three separated refugia during the last glaciation (Bennett et al., 1991) , which have been confirmed by recent chloroplast DNA data (Ferris et a!., 1993; Petit et a!., 1993) . The separation of the species lasted long enough so that these refugial populations became differentiated. The actual east-west pattern of nuclear diversity in sessile oak stands has largely been shaped by the postglacial recolonization pathways, resulting in clinal variation of allele frequencies and zygotic disequilibria, as predicted by theoretical models (Feldman & Christiansen, 1975; Barbujani, 1988) and as illustrated by the geographical variation of the first canonical variate (Figs 4a, b) . Furthermore, the absence of any sharp discontinuity along the longitudinal gradient suggests that the populations from the extremities of the natural range of the species have probably exchanged nuclear genes through pollen dispersion, whereas limits of seed dispersion from the original refugia were clearly delineated on the basis of chloroplast DNA data (Ferris et a!., 1993; Petit et a!., 1993) . Finally, the important gene flow caused by pollen movement between differentiated original refugial populations has resulted in extremely low population differentiation (G = 2.5 per cent, Zanetto & Kremer, 1995) , but still geographically organized along a continental gradient.
